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MiltonProper mitochondrial distribution is crucial for cell function. In Drosophila, mitochondrial transport is
facilitated by Miro and Milton, which regulate mitochondrial attachment to microtubules via kinesin heavy
chain. Mammals contain two sequence orthologs of Milton however, they have been ascribed various
functions in intracellular transport. In this report, we show that the human Miltons target to mitochondria
irrespective of whether they are linked to GFP at their C- or N-termini. Their ectopic expression induces the
formation of extended mitochondrial tubules as well as large bulbous-like mitochondria with narrow tubular
membrane necks that connect them to the mitochondrial mass. The mitochondrial extensions appear highly
dynamic and their formation relies on the presence of microtubules. Using the photoswitchable ﬂuorescent
protein Dendra2 targeted to the mitochondrial matrix, we found that the mitochondrial extensions and
bulbous mitochondria are fused with neighboring regions of the network. Truncation analysis of huMilton1
revealed that the N-terminal region, inclusive of the coiled-coil segment could localize to microtubules,
suggesting that Milton attachment to kinesin occurs independent of Miro or mitochondrial attachment. In
addition, we show that the huMiltons have the capacity to self-interact and can also facilitate mitochondrial
recruitment of a cytosolic Miro mutant. We conclude that the human Miltons are important mediators of the
mitochondrial trafﬁcking machinery.ry, La Trobe University, 3086
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irch, France.
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Mitochondria are dynamic organelles thatundergo frequent changes
in morphology and distribution with their shape dictated by the cell
type and the needs of the cell [1–7]. Mitochondrial networking is
dependent upon balanced fusion and ﬁssion events, aswell as transport
along cytoskeletal elements. Proper mitochondrial distribution ensures
that daughter cells receive an appropriate complement of the
organelles, as they cannot be created de novo, and also serves localized
energy needs [1]. In higher eukaryotes, mitochondria are principally
trafﬁcked anterogradely along themicrotubulenetwork via the action of
kinesins [8,9], however, additional transport systems can co-operate for
more efﬁcient tracking [10]. The importanceofmitochondrial delivery is
highlighted in neurons where mitochondria need to be activelytransported to the synaptic terminals, sites of high energy demand
that can be several centimeters away from the cell body [1,11,12].
Accurate positioning of mitochondria has also been implicated in
synaptic plasticity [13], mobilization of synaptic vesicles [14], dendritic
spine formation [13,15], podosome activation to facilitate lymphocyte
migration into inﬂamed tissues [16] and in the formation of immuno-
logical synapses in activated T-cells [17].
Several proteins have been linked to mitochondrial distribution
processes and include Milton, Miro, kinesin-like binding protein (KBP),
kinectin, syntabulin, syntaphilin, hypoxia upregulated mitochondrial
movement regulator andPink1 [18–25].Miltonwasoriginally identiﬁed
through a genetic screen in Drosophila in which mutant ﬂy photo-
receptors lacked mitochondria at their synaptic terminals [21]. An
interaction between Milton and the conventional kinesin heavy chain
(KHC) was also shown [21]. Sequence alignments with Drosophila
Milton identiﬁed twoputative orthologs in humans, whichwere named
huMilt1 andhuMilt2 [21]. This original nomenclature is usedherein. The
speciﬁc role of huMilt1 and huMilt2 in mitochondrial movement has
been controversial since numerous reports suggest that they are
involved in other cellular trafﬁcking events. For example, huMilt1 and
huMilt2 were identiﬁed as O-GlcNAC-transferase (OGT) — interacting
proteins of 106 and 98 kDa respectively (OIP106, OIP98) [26]. OIP106
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both the cytosol and nucleus [26]. In a separate study, huMilt2 was
termedGRIF-1 (gamma-aminobutyric acidA receptor-interacting factor)
and was found in the cytosol and at the plasma membrane [27]. In
contrast, Kirk et al. [28] found huMilt2 to interact with hepatocyte
growth factor-regulated tyrosine kinase substrate (Hrs), and proposed
that it acts as an adaptor protein for kinesin-mediated endosomal
trafﬁcking. huMilt1 has also been named TRAK1 (for trafﬁcking protein,
kinesin binding 1) and a frameshift mutation within the trak1 gene
causes severe hypertonia in mice and low levels of GABAA receptors in
their central nervous system [29]. It was concluded that TRAK1 is
involved in endocytic trafﬁcking of GABAA receptors. huMilt2 has also
been named TRAK2 and was reported to interact with the K+ channel
Kir2.1 [30], thereby regulating Kir2.1 trafﬁcking to the plasma
membrane.
TheMiltons have also been identiﬁed as components of an adaptor
complex that links KHC to mitochondria [21,31,32] and it seems that
this complex also contains Miro [25,33–35]. The Miro proteins are
conserved mitochondrial outer membrane proteins that contain two
Ca2+ binding EF-hand motifs and belong to a subfamily of Ras
GTPases. Drosophila Miro has been proposed to control both
anterograde and retrograde mitochondrial trafﬁcking [36,37]. Ca2+
binding causes Miro to interact with the motor domain of kinesin and
block mitochondrial trafﬁcking events [35]. Miro has also been
proposed to interact with kinesin throughMilton acting as an adaptor
protein [35]. It appears that their mammalian counterparts also affect
mitochondrial dynamics. Recently, it was found that at basal Ca2+
levels, Miro overexpression led to increased mitochondrial motility
along microtubules [38]. Miro has also been found to be rate limiting
for mitochondrial transport and to interact directly with kinesin [34].
Moreover, it was suggested that the role of Milton as an adaptor
protein is Drosophila-speciﬁc and a mammalian functional homolog
has not been experimentally veriﬁed [34].
In this report we characterize the role of huMilt1/2 in inﬂuencing
mitochondrial dynamics. Ectopic expression of huMilt1 and huMilt2
induces striking rearrangements in the mitochondrial network
including the presence of long, extended and mobile mitochondrial
tubules that are dependent on microtubule contacts. huMilt1/2 are
also targeted to the mitochondrial outer membrane in a manner that
is separable from their interaction with Miro and kinesin. The
presence of independent associations of huMilt1/2withmitochondria
highlights the importance of these proteins in speciﬁc mitochondrial
trafﬁcking events.
2. Materials and methods
2.1. Cloning procedures
DNA manipulation techniques employed were as previously
described [39]. The cDNA encoding huMilt1 termed KIAA1042
(accession number Q9UPV9) was a kind gift from Dr. T. Nagase
(RIKEN, Japan). The cDNA clone for huMilt2 (accession number
NP_055864) was obtained from the I.M.A.G.E. consortium (MRC
Geneservice, UK). C-terminal GFP fusions of huMilt1 and huMilt2
were made by cloning the open reading frames into pEGFP-N1
(Clontech) while fusion of GFP to the N-terminus was made by
cloning them into a modiﬁed form of pEGFP-N1 [40]. Untagged
constructs were made by cloning open reading frames into pEGFP-N1
with their stop codons still remaining. N- and C-terminal truncation
constructs were generated using PCR and were cloned into the
appropriate GFP vector. The pDendra2 vector was obtained from
Evrogen. To produce mitoDendra, the sequence encoding the
mitochondrial targeting signal of CoxVIII was ligated in frame with
the Dendra2 sequence. A construct targeted to peroxisomes was
created by addition of an SKL targeting signal to the C-terminus of
GFP. GFP was targeted to ER by its fusion to protein disulﬁdeisomerase. pOTC-GFP, Tom7 and GFP-hFis1 constructs have been
reported previously [40–42].
The cDNA encoding human Microtubule Associated Protein 4
(MAP4; accession number P27816) was obtained from Jeremy
Simpson (EMBL Heidelberg, Germany). The MAP4 PCR product was
cloned into pKatushka-N1, a vector that was generated by replacing
GFP in the modiﬁed pEGFP-N1 vector with the far-red-ﬂuorescent
protein TurboFP635 (Katushka) coding sequence from the plasmid
pTurboFP635-N (Evrogen).
To generate the mKate-Miro-1 and mKate-Miro-1Δ™ constructs, a
plasmid containing the human Miro-1 (from Janet Shaw, The
University of Utah) was used to generate either full-length or
truncated PCR products. These Miro-1 PCR products were cloned
into mKate-C1, a vector that was generated by replacing GFP in the
modiﬁed pEGFP-N1 vector described above with the mKate coding
sequence from the plasmid pTagFP635-N (Evrogen).
2.2. Tissue culture and transfections
COS-7 cells were grown in Dulbecco's Modiﬁed Eagle medium
(DMEM; GIBCO) with 5% (v/v) fetal calf serum in a humidiﬁed
incubator at 37 °C supplemented with 5% CO2. Cells were transiently
transfected using LipofectAMINE 2000 following the manufacturer's
instructions (Invitrogen). Milton constructs were co-transfected into
COS-7 cells with mitoDendra at a 9:1 ratio. The following day, cells
were harvested or processed for imaging. For live cell imaging,
1.5×105 COS-7 cells were seeded onto glass coverslips (Ø 24 mm)
that were mounted onto a hole in the bottom of 35-mm tissue culture
dishes.
2.3. Microscopic analysis
Immunoﬂuorescence assays were performed using standard tech-
niques [43]. Samples were rinsed and mounted onto slides in anti-fade
mountingmediumconsistingof 90%glycerol, 50 mMTris–Cl, pH8.0 and
2.5% [w/v] triethylenediamine (DABCO; Sigma). Anti-β tubulin anti-
bodies (Sigma) and AlexaFluor 568-conjugated anti-mouse secondary
antibodies (Molecular Probes) were used at a 1:200 dilution. All
antibodies were incubated in the presence of 3% (w/v) BSA and 0.2%
(v/v) Triton X-100. For mitochondrial staining, MitoTracker Red
CMXRos (Invitrogen) was added to cells in media at a ﬁnal
concentration of 50 nM. Quant-iT™ PicoGreen dsDNA reagent (Invi-
trogen) was used for staining nuclear and mitochondrial DNA [44]. To
stain nuclei, Hoechst 33258 (Sigma; 10 μg/ml) was added to cells.
Cells were incubated in stain mix for 15 min prior to viewing. To
depolymerize microtubules, nocodazole (15 μM) was added to the
culture media and incubated for up to 2 h at 37 °C. Cells were then
washed intensively with pre-warmed media.
For electron microscopy, COS-7 cells were seeded onto 30 mm
diameter tissue culture dishes. The following morning, cells were
transfected induplicate (to conﬁrma transfection efﬁciency ofN90%). At
18 h post-transfection, cells were rinsed in ﬁltered PBS and ﬁxed for 1 h
in 2% (v/v) glutaraldehyde (EM-grade; Sigma). Cells were processed for
plastic embedding using standard conditions and sectioned parallel to
the culture substratum. Sections were viewed in a Jeol 1010 transmis-
sion electron microscope (Jeol Ltd., Tokyo, Japan) after counterstaining.
2.4. Mitochondrial isolation and protease treatment
COS-7 cells were transiently transfected with vectors encoding
GFP-huMilt1 or GFP-huMilt2. Mitochondria were isolated and sub-
jected to Proteinase K treatment (100 µg/ml) on ice for 15 min.
Following this, mitochondria were re-isolated and proteins were
separated by SDS-PAGE and subjected to western blot analysis using
polyclonal antibodies against GFP, outer membrane localized Tom40
and matrix-located mtHsp70 [40].
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To radiolabel newly synthesized proteins, EXPRE35S35S Protein
Labeling Mix (11 mCi/ml; PerkinElmer) was added to DMEM lacking
L-methionine and L-cysteine (Gibco BRL) and supplemented with 5%
(v/v) dialyzed fetal calf serum, to a concentration of 11 µCi/ml. The
mix was overlaid onto transfected cells and incubated for 6 h. Co-
immunoprecipitations were performed with some alterations accord-
ing to [31]. Radiolabeled cell pellets (∼2 mg protein) were solubilized
in 1.5 ml solubilization buffer [1% (v/v) Triton X-100, 10 mM HEPES
pH 7.5, 145 mM NaCl, 0.1 mM MgCl2, 1 mM EGTA, protease inhibitor
cocktail (Roche), 1 mMphenylmethylsulfonyl ﬂuoride (PMSF)] for 1 h
at 4 °C and clariﬁed by centrifugation. Lysates were incubated with
GFP antibodies cross-linked to Protein A-sepharose (Harlow and Lane,
1999). Following overnight incubation at 4 °C, beads were pelleted,
washed four times in wash buffer (0.5% (v/v) Triton X-100, 10 mM
HEPES pH 7.5, 145 mMNaCl, 0.1 mMMgCl2, 1 mM EGTA, 1 mM PMSF,
protease inhibitor cocktail) before elution of bound proteins with
100 mM glycine pH 2.5. All samples were then precipitated with
trichloroacetic acid, resuspended in SDS loading dye and separated by
SDS-PAGE on 4–12% gradient Tris–tricine gels [45]. Gels were dried
and radiolabeled proteins were detected using phosphorimaging
(Molecular Dynamics).
2.6. Fluorescence microscopy and post-acquisition image processing
Imaging of both live and ﬁxed samples was performed using an
Olympus BX-50 epiﬂuorescence microscope ﬁtted with a SPOT TRT
3CCD camera (Diagnostic Instruments). Acquisition of images was
performed using the SPOT Advanced Software (version 3.4). For
visualization, the MWU (330–385 nm excitation λ; 420 nm emission
λ), MW1BA2 (460–490 nm excitation λ; 510–550 nm emission λ) and
MNG2 (530–550 nm excitation λ; 590 nm emission λ) ﬁlters were
employed. For co-localization studies, an inverted Leica TCS SP2
confocal microscope equipped with Leica confocal software was used.
For visualization, the Ar laser (blue; 488 nm/20 mW) and the HeNe
laser (green; 543 nm, 1.2 mW) were utilized. For z-sectioning, the
number of slices collected was determined by the software (slices at
0.3 µm intervals). Dendra2 photoconversion and imaging utilized the
Leica TCS SP2 confocal microscope following the protocol from
Evrogen. Dendra2 was irreversibly converted from green (excitation
and emission maxima at 486 and 505 nm, respectively) to red
(excitation and emission maxima at 558 and 575 nm, respectively)
ﬂuorescent states by irradiation with a 488 nm light (50% laser
intensity for 200 ms). Following photoconversion, the 488 nm laser
line was used for imaging at 5% intensity while the 543 nm laser was
used at 50%. Images were acquired within 0.5 ms after photoconver-
sion in a 512×512 pixel format. Time lapse between scans in XYZ
mode is indicated in the ﬁgures. Time-lapse recordings were
performed using a LSM 510/FCS Confocor 3 microscope (Zeiss).
Samples were maintained at 37 °C on a heated stage in a humidiﬁed
chamber with 5% CO2. A Coolsnap-HQ camera (Photometrics) was
used to acquire images. Images were processed directly using
MetaMorph (Visitron Systems) and/or Image J software (http://rsb.
info.nih.gov/ij/index.html). Images were cropped and processed for
brightness/contrast as complete montages using Adobe Photoshop
CS3.
3. Results
3.1. huMiltons preferentially localize to the mitochondrial outer
membrane and induce morphology defects
huMilt1 (953 amino acids) and huMilt2 (914 amino acids) share 48%
identity and 63% similarity with each other, and are ∼30% identical with
Drosophila Milton. Bioinformatic analysis does not identify predictedtransmembrane domains in any of these proteins, nor the presence of
organellar targeting signals. To address the subcellular location of huMilt1
and huMilt2, the proteins were expressed in COS-7 cells as N-terminal
fusions to green ﬂuorescent protein (GFP). As can be seen (Fig. 1A), both
GFP-huMilt1 and GFP-huMilt2 co-localize with mitochondria, as con-
ﬁrmed by stainingwith themitochondrial speciﬁc stain,MitoTracker Red.
GFP-huMilt2 ﬂuorescence was also observed in the cytosol. Nevertheless,
expression of either GFP-huMilt1 or GFP-huMilt2 induced striking
changes in the mitochondrial network, presenting a mixture of both
enlargedmitochondria adjacent to the nucleus as well as long extensions
projecting to the edge of the cell. In contrast, cells expressing the matrix-
targeted pOTC-GFP displayed normal mitochondrial morphology
(Fig. 1A), as previously observed [41,46]. As neither huMilt1 nor huMilt2
contain an obvious transmembrane anchor, additional constructs were
madewhereGFPwas fused to the C-terminal endof huMilt1 andhuMilt2.
huMilt1-GFP and huMilt2-GFP also co-localized with mitochondria,
although this was again more apparent for huMilt1. In addition, their
expression again induced the formation of enlarged and elongated
mitochondrial tubules. These results indicate that huMilt1 and huMilt2
contain internal mitochondrial targeting information and that free N- or
C-termini are not required to induce alterations in the mitochondrial
network. The location of huMilt1 and huMilt2 to the mitochondrial outer
membrane was conﬁrmed by their sensitivity to protease treatment
(Fig. 1B). As controls, the outer membrane Tom40 and matrix-located
mtHsp70 were employed.
It was found that ectopic expression of untagged huMilt1 or huMilt2
in COS-7 cells also triggered the formation of the characteristic enlarged
and/or elongatedmitochondria (Fig. 1C), indicating that theGFPmoiety
did not inﬂuence the phenotype. In this case, huMilton expressing cells
were selected by co-transfecting them with a construct expressing
mitochondrial matrix-targeted Dendra (mitoDendra). Subsequent
experiments were performed primarily using huMilt1, since this
construct was predominantly observed at mitochondria. To assess the
occurrence of the phenotype linked to huMilt1 overexpression, COS-7
cells were transfected with a construct encoding huMilt1, along with a
construct for expression of pOTC-GFP as a marker for transfection.
Mitochondrial networks of transfected cells were scored as normal,
fragmentedor enlarged/elongated.Virtually all cells expressinghuMilt1
contained enlarged and/or elongated mitochondria (Fig. 1D). In
contrast, normal mitochondrial networks were mostly observed when
pOTC-GFP was expressed alone, or in combination with the mitochon-
drial outer membrane protein Tom7 (Fig. 1D). Together, these results
indicate that the presence of excess amounts of huMilt1 at the
mitochondrial surface induces morphological changes in themitochon-
drial network. Similar results were also observed upon overexpression
of huMilt2 (see Fig. 1C), indicating that the proteins display overlapping
functions, at least at the level of mitochondria. The changes observed
upon huMilt1 expression appeared speciﬁc to the mitochondrial
network, since the overall appearance of the endoplasmic reticulum,
peroxisomes (Fig. 1E) and lysosomes (not shown) were similar to that
observed in control cells. The morphology of the ER showed
characteristic membranous nets, although they were precluded from
occupying the entire region in huMilt1-expressing cells due to the
presence of enlargedmitochondria. In addition, the cells often contained
protrusions at the plasma membrane that were enriched in mitochon-
dria (Fig. 1E, bottom panels).
3.2. Analysis of huMilt1-induced changes in mitochondrial morphology
We next made a more detailed assessment of the changes in the
mitochondrial network. Confocal z-section scanning of enlarged
mitochondria in cells expressing GFP-huMilt1 and stained with
MitoTracker Red was performed. A montage of slices through two
large mitochondria revealed that they appeared to be bulbous ends of
mitochondrial tubules since links to narrow GFP-huMilt1 decorated
tubules could be seen (Fig. 2A, see arrowheads). This suggests that the
Fig. 1. huMilt1 and huMilt2 target to the mitochondrial outer membrane and their expression speciﬁcally affects mitochondrial morphology. (A) COS-7 cells were transiently
transfected with the indicated GFP fusion proteins and counterstained with MitoTracker Red CMXRos. Merges demonstrating co-localization are shown. Scale bar represents 20 μm.
(B) COS-7 cells were transiently transfected with vectors encoding GFP-huMilt1 or GFP-huMilt2. Mitochondria were isolated, subjected to Proteinase K (Prot. K) treatment and
analyzed by SDS-PAGE and western blot analysis using polyclonal antibodies against GFP, outer membrane localized Tom40 and matrix-located mtHsp70. (C) COS-7 cells were
transiently transfected with a vector encoding mitoDendra alone or with vectors expressing untagged huMilt1 or huMilt2. Scale bar represents 10 µm. (D) COS-7 cells expressing
matrix-located pOTC-GFP alone, or in conjunction with huMilt1 or Tom7, were analyzed for their mitochondrial morphology (200 cells/experiment). Error bars represent standard
deviations of the three experiments scored. (E) Upper panels: Cells expressing ER targeted GFP-PDI or the peroxisomal targeted GFP-SKL in the absence (mock) or presence of
huMilt1. Cells were stained withMitoTracker Red CMXRos. Images were acquired with an inverted Leica TCS SP2 confocal microscope. Lower panel: COS-7 cells expressing GFP alone
or in the presence of huMilt1 were counterstained with MitoTracker Red CMXRos and processed on an Olympus BX-50 ﬂuorescence microscope.
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mitochondria (Fig. 2A, see arrowheads). We also noticed that in many
cases, these bulbous mitochondria contained additional inclusions, as
evidenced by different intensities inMitoTracker Red staining through
slices of the bulbs (Fig. 2A). It is unclear what these inclusions may be,
although similar ﬁndings have been reported in cells from patients
with mitochondrial disease (summarized by [47]) and are suggestive
of morphological changes in the structure of thematrix and/or cristae.
Indeed, incubation of cells with PicoGreen, a dye which labels both
nuclear and mitochondrial DNA [44], revealed enriched staining in
bulbous mitochondria from cells transfected with huMilt1 compared
to the relatively diffuse labeling of control mitochondria (Fig. 2B),
indicative of disrupted mtDNA distribution.
3.3. huMilton induces mitochondrial morphology changes in a
microtubule-dependent manner
Given that the Miltons have been found to interact with kinesin
[21,31,32,48], themitochondrial phenotype observed in cells overexpres-
sing huMilt1 may be due to a shift in mitochondrial tethering alongFig. 2. Analysis of bulbous mitochondria induced by huMilt expression. (A) Upper panel: CO
to staining with MitoTracker Red CMXRos and visualization by confocal microscopy. Bottom
montage showing z-slices collected every 0.3 µm is shown. Arrowheads point to the narr
represents 2 µm. N, nucleus. (B) COS-7 cells were transfected with a vector encoding untagg
incubated with MitoTracker Red CMXRos and PicoGreen for 15 min prior to visualizati
characteristic change in mitochondrial morphology (N90% transfection rate). Scale bars repmicrotubule tracks. Analysis of the mitochondrial extensions induced
upon huMilt1 expression showed that they were indeed closely aligned
alongmicrotubules (Fig. 3A). This was characterized at the ultrastructural
level by electron microscopy. In contrast to control cells (Fig. 3B, mock),
huMilt1-expressing cells showed numerous elongated mitochondria
often running parallel to microtubules (e.g. Fig. 3B, huMilt1). To assess
the potential involvement of microtubules in eliciting this phenotype, a
reporter construct consisting of the microtubule binding protein MAP4
[49] fused to the far-red-ﬂuorescent protein Katushka [50], was co-
expressed in COS-7 cells, along with mitoDendra (a matrix-targeted
ﬂuorescent protein) or with GFP-huMilt1. Time-lapse imaging of
mitoDendra-expressing cells showed mitochondria undergoing charac-
teristic movements. Following subsequent disruption of microtubules
with nocodazole, the mitochondrial network showed a ﬂattened,
dispersed appearance (Fig. 3C, Movie S1), as previously observed
[51,52]. In cells expressing huMilt1, the mitochondrial extensions were
arranged closely together with microtubules and were also mobile
(Fig. 3C). Upon the addition of nocodazole, the mitochondrial extensions
were lost and themitochondria collapsed together into an immobile state
(Fig. 3C, Movie S2). We therefore conclude that the changes inS-7 cells were transiently transfected with a vector encoding GFP-huMilt1 for 18 h prior
panel: The inset in the merged panel above was subjected to imaging in the z-plane. A
ow connections between bulbous mitochondria and adjacent mitochondria. Scale bar
ed huMilt1 or were left untransfected (mock). At 18 h post-transfection, the cells were
on by confocal microscopy. huMilt1-expressing cells were selected based on their
resent 20 μm.
Fig. 3. huMilt1 induced mitochondrial extensions are in close association with microtubules. (A) COS-7 cells were transiently transfected with a vector encoding pOTC-GFP (upper
panels) or with a vector encoding GFP-huMilt1 (bottom panels). At 18 h post-transfection, cells were ﬁxed and immunostained with anti-tubulin β antibodies followed by Hoechst
staining. Images were acquired using an Olympus BX-50 ﬂuorescence microscope. (B) COS-7 cells were mock-transfected (left panel) or transfected with a vector encoding GFP-
huMilt1 (right panel). At 18 h post-transfection (with N90% transfection efﬁciency), samples were analyzed using transmission electron microscopy. Arrowheads point to a
microtubule adjacent to an elongated mitochondrial tubule in a huMilt1-expressing cell. Scale bar represents 1 µm. (C) Representative images of COS-7 cells transiently co-
transfected with vectors encoding either mitoDendra and MAP4-Katushka (upper panels) or GFP-huMilt1 and MAP4-Katushka (middle and lower panels). At t=0, cells were
treated with 15 μM nocodazole and monitored by confocal microscopy over 90 min. The maximum intensity projection of z-stacks are shown for the indicated times. Arrowheads
indicate mitochondria aligned with microtubules. Scale bars represent 10 µm.
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interactions between mitochondria and microtubules. In addition, the
mitochondrial aggregation observed in microtubule-depolymerized
huMilt1-expressing cells is consistent with the mitochondrial network
being more interconnected than in control cells.
3.4. Analysis of mitochondrial interconnectivity using mitoDendra
Detailed analysis of the huMilt1-induced bulbous and elongate
mitochondria was hampered by our inability to clearly resolve the
connectivity of the mitochondrial compartments. To investigate this,
we used the matrix-targeted Dendra2. Dendra2 is a photoswitchable
ﬂuorescent protein [53] and can be photoconverted using 480 nmlight, thereby changing its emission from green to red [53]. Using
mitoDendra, we were able to selectively track the dynamics of
individual mitochondria (Fig. 4A). Our initial investigations with
mitoDendra revealed that its expression in wild-type cells was not
toxic and that mitochondrial morphology appeared normal (e.g.
Figs. 1C and 3C). This construct differs from other photoswitchable
proteins that require potentially phototoxic UV light for photoconver-
sion [53]. With confocal live cell imaging, we were able to track
photoconverted mitochondria and observe ﬁssion and fusion events,
demonstrating the usefulness of this construct (Fig. 4B and Movie S3).
Co-expression of mitoDendra with huMilt1 in COS-7 cells revealed the
characteristic phenotype of extended/enlargedmitochondria (Fig. 4C,
left panel).We therefore investigated whether the longmitochondrial
Fig. 4. Analysis of mitochondrial connectivity using mitoDendra. (A) Confocal images of a COS-7 cell transiently transfected for 24 h with a vector encoding mitoDendra before
(upper panel, t=0) and after photoactivation (lower panel, t=+80 ms) at the points designated by the arrows. Left panel, green signal; middle panel, red signal; right panel, merge.
Scale bar represents 5 µm. (B) Time-lapse series of a photoactivated mitochondrion. Fission and fusion events are indicated by the arrowheads. The time after photoactivation is
marked. Scale bar represents 1 µm. (C) Top panel: Confocal image of a COS-7 cell 18 h after transient co-transfection with vectors encoding mitoDendra and huMilt1-GFP. Scale bar
represents 10 μm. Bottom panels, magniﬁed time-lapse series of indicated region (top panel) after photoactivation. Point of photoactivation is indicated by the arrowhead. Time after
photoactivation is shown. Upper panels, green signal; lower panels, red signal. (D) Top panel: Confocal image of a COS-7 cell 18 h after transient co-transfection with vectors
encoding mitoDendra and huMilt1-GFP. Scale bar, 10 μm. Bottom panels: Magniﬁcation of huMilt1-induced bulbous mitochondria pre- and post-photactivation (left and right
panels, respectively). Upper panels, green signal; lower panels, red signal.
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microtubules. A single extended mitochondrial tubule was irradiated
at a speciﬁc point (Fig. 4C, see arrowhead) and the dispersion of
photoconverted mitoDendra was monitored. The rapid movement of
photoconverted mitoDendra within the entire length of the tubule
(17.5 μm in 100 s) is consistent with the extended mitochondrial
tubule being fused or undergoing fusion events in a short time scale
(Fig. 4C). We next analyzed the connectivity of the bulbousmitochondria that were also observed in cells expressing huMilt1.
Photoconversion of mitoDendra showed the appearance of red
ﬂuorescence within the bulbous mitochondria and rapid movement
into an adjacent mitochondrial tubule (length=20 μm) was seen
(Fig. 4D). Together with our confocal imaging analysis (Fig. 2A), we
conclude that the bulbous mitochondria are not single entities but
rather have the capacity to remain interconnected with other
mitochondrial tubules.
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targeting and mitochondrial morphology
The Milton proteins have been demonstrated to associate with
kinesinmembers [21,31,48]. Residues 138–450 ofDrosophilaMilton are
critical for this association [48], whereas residues 124–283 of huMilt2
were shown to interactwith the cargo binding region of KIF5C [31]. Both
domains are contained within the predicted coiled-coil region [21]. In
addition, ﬂy and human homologs of Miro have been shown to interact
withMilton [33,34,48]. In Drosophila, the Miro binding region of Milton
has been attributed to residues 1–750 [48], whereas in the case of
huMilt2 it has been pinpointed to residues 467–700 [54]. Interestingly,
Milton 1–750 could be targeted to mitochondria in the presence of
ectopically-expressed Drosophila Miro while residues 847–1116 main-
tained mitochondrial association in the absence of overexpressed
DrosophilaMiro [48]. This suggests that Milton can target to mitochon-
dria in both a Miro-dependent and independent manner. To determine
the region important for huMilt1mitochondrial association, a number of
GFP-fused truncation constructs were made and their localization was
assessed in COS-7 cells (Fig. 5A, left panel). Truncation of theN-terminal
200 or 599 residues, to remove the coiled-coil domain(s), led to only
minor effects on huMilt1 targeting to mitochondria (Fig. 5A, rightFig. 5. Truncation analysis of huMilt1 reveals regions important for targeting. (A) Left panel
domain and predicted coiled-coil domains (hatched) in huMilt1 are indicated. Right panel,
MitoTracker Red CMXRos at 18 h post-transfection and their subcellular location was ana
experiments scored. (B) COS-7 cells were transiently transfected with a plasmid encoding h
CMXRos (left panel, merged image). The three panels on the right show a magniﬁcation of t
confocal microscope in sequential mode. N, nucleus. (C) COS-7 cells were transiently trans
subjected to immunoﬂuorescence with anti-tubulin β antibodies. Arrowheads indicate co-lo
Leica TCS SP2 confocal microscope in sequential mode. Scale bar represents 8 µm.panel). In contrast, when 738 N-terminal residues were removed, the
GFP fusion protein was largely cytosolic. Removal of the C-terminal
region to residue800didnot affectmitochondrial association, indicating
that the last 153 residues are not critical for mitochondrial attachment.
When we tested a construct containing only residues 599–800 of
huMilt1 fused to GFP, the construct retained an ability to partially
localize to mitochondria (52 +/−7% of cells) (Fig. 5A and B). The
staining pattern of huMilt1599–800-GFP around the matrix-localized
MitoTracker Red stain is consistent with the protein residing on the
mitochondrial outermembrane (Fig. 5B), like that of full-lengthhuMilt1
(see Fig. 2A). These results indicate that the N-terminal region of
huMilt1 to residue 599 (inclusive of the predicted coiled-coil motifs)
and the C-terminal 153 residues are not critical for huMilt1 association
with mitochondria. The coiled-coil domain is most likely required to
facilitate kinesin-mediated attachment of mitochondria to microtu-
bules. Indeed, the GFP-huMilt11–734 construct was not found associated
withmitochondria but rather diffusely localized throughout the cytosol
(data not shown). However, in some cases, this GFP fusion co-localized
with microtubules (Fig. 5C), suggesting that this construct has
maintained an ability to interact with kinesin. Co-immunoprecipitation
analysis revealed that kinesin heavy chain did indeed associatewith this
region, as a huMilt1 construct lacking its ﬁrst 100 residues pulled-down: Schematic showing huMilt1 deletion constructs employed. The positions of the HAP1
COS-7 cells expressing huMilt1 truncation constructs as GFP fusions were stained with
lyzed (200 cells/experiment). Error bars represent standard deviations of the three
uMilt1599–800-GFP. At 18 h post-transfection, cells were stained with MitoTracker Red
he inset indicated in the left panel. Images were acquired on an inverted Leica TCS SP2
fected with a vector encoding GFP-huMilt11–734. At 18 h post-transfection, cells were
calization of the GFP chimera with microtubules. Images were acquired on an inverted
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construct consisting of residues 1–200 of huMilt1 alone was able to
immunoprecipitate KIF5C (Fig. S1).
3.6. huMilton self-interactions and association with Miro
During our analysis of the huMilt1 truncation constructs, we found
that while GFP-huMilt11–380 appeared cytosolic, its co-expression with
untagged huMilt1 or huMilt2 led to its recruitment to mitochondria
(Fig. 6A). This suggests that residues 1–380 contain a region required for
huMilton self-interaction. Furthermore, when GFP-huMilt11–380 was
redirected tomitochondria, the organelle collapsed towards the nuclear
periphery and no extended mitochondrial tubules were observed,
indicating that anterograde transport mechanisms might be disrupted.
To further assess potential huMilton self-interactions, co-immunopre-
cipitationswere performed. In this case, GFP-huMilt1was co-expressed
with untagged huMilt1 or huMilt2 and cells were radiolabeled before
immunoprecipitation with GFP antibodies (our antibodies against
huMilt1 and huMilt2 did not show suitable speciﬁcity). As can be
seen, huMilt1 and huMilt2 could be co-immunoprecipitated with GFP-
huMilt1 (Fig. 6B, left panel). The same result was observed when GFP-
huMilt2 was expressed (Fig. 6B, middle panel). This interaction
appeared speciﬁc since GFP-hFis1, a construct targeted to the outer
membrane [41], did not associate with either huMilt1 or huMilt2
(Fig. 6B, right panels).We conclude that not only do huMiltons have theFig. 6. huMilt1 can associate with mitochondria through a self-association that appears ind
encoding GFP-huMilt11–380 alone (top panels), or co-expressed with full-length huMilt1 o
Merges with the nuclear stain DAPI are shown. Images were acquired using an Olympus BX-5
transfected with vectors encoding GFP-huMilt1; GFP-huMilt1 and huMilt1; GFP-huMilt1 and
and huMilt1; or GFP-hFis1 and huMilt2, as indicated. At 18 h post-transfection, cells we
antibodies were performed. Protein samples were separated by SDS-PAGE and subjected
sample), U: unbound sample (∼6% of total sample), IP: proteins eluted using 100 mM gly
species. Lanes with adjusted contrast are separated. (C) COS-7 cells were transiently co-tran
and mKate-Miro1Δ™ (middle panel), or GFP-huMilt1 and mKate-Miro1Δ™ (lower panel) fcapacity to interact with kinesin and Miro, they also have the potential
to self-associate and potentially interact with each other.
It has been found that expression of a mutant Drosophila Miro,
missing its transmembrane anchor and thus mislocalized to the
cytosol, prevented Milton association with mitochondria [48].
However, the strong co-localization of overexpressed huMilt1 or
huMilt2 with mitochondria observed here suggests that their binding
to the organelle is not easily saturated and may therefore not be
exclusively dependent on an association with an outer membrane
protein such as Miro. To address this, we generated an expression
construct consisting of human Miro-1 with or without its transmem-
brane domain, fused to the monomeric red-ﬂuorescent protein
mKate. When co-expressed, both GFP-huMilt1 and mKate–Miro-1
localized to mitochondria as expected (Fig. 6C). mKate–Miro-1Δ™
was found to be cytosolic, even following expression of the outer
membrane targeted GFP-Tom7 (Fig. 6C). However, when GFP-huMilt1
was co-expressed with mKate–Miro-1Δ™, it was not redirected to the
cytosol. In fact, mKate–Miro-1Δ™ was instead redirected to mito-
chondria (Fig. 6C). In this experiment, the cytosolic Miro construct
was transfected into cells prior to transfection of the GFP-huMilt1
construct so that competition effects were already established.
Although this observation is in direct contrast to the study employing
the Drosophila homologues, Milton has also been proposed to exhibit
both Miro-dependent and independent mitochondrial targeting
(Glater et al., 2006). We conclude that the association of huMilt1ependent of Miro binding. (A) COS-7 cells were transiently transfected with a vector
r huMilt2. Cells were incubated with MitoTracker Red CMXRos 18 h post-transfection.
0 ﬂuorescence microscope. Scale bar represents 20 µm. (B) COS-7 cells were transiently
huMilt2; GFP-huMilt2; GFP-huMilt2 and huMilt1; GFP-huMilt2 and huMilt2; GFP-hFis1
re radiolabelled with 35S-Met/Cys for 6 h. Co-immunoprecipitations employing GFP
to phosphorimage analysis. T: total sample representing clariﬁed lysate (∼6% of total
cine pH 2.5. Arrows indicate position of GFP fusion proteins. Stars indicate pull-down
sfected with vectors encoding GFP-huMilt1 and mKate-Miro1 (upper panel), GFP-Tom7
or 24 h before live cell imaging. Scale bars represent 20 μm.
573O.S. Koutsopoulos et al. / Biochimica et Biophysica Acta 1803 (2010) 564–574with mitochondria is most likely dependent on interactions that are
separable from Miro association with mitochondria.
4. Discussion
In this study we report that huMilt1 and huMilt2 speciﬁcally
associate with mitochondria and that their ectopic expression leads to
rearrangements of the mitochondrial network, which includes bulbous
organelles and mitochondrial tubules extending along microtubules.
Besides their known interaction with kinesin heavy chain [21,31,32,48]
andMiro [33–35,54],we have found that huMilt1 and huMilt2 also have
the capacity to self-interact, most likely through the presence of
predicted coiled-coils lyingwithin theN-terminal regionof theproteins.
While the self-interaction domain may enhance mitochondrial associ-
ation, the C-terminal region of huMilt1 (and based on sequence
conservation, also huMilt2) contains separable and distinct mitochon-
drial targeting information. Although it remains unclear howhuMilt1/2
are targeted to and interact with mitochondria, it appears that their
association with the organelle is not strictly dependent on recruitment
by Miro.
The alterations of the mitochondrial network upon ectopic expres-
sion of huMilt1 and huMilt2 are striking and are dependent on both the
presence of the N-terminal kinesin binding region and the C-terminal
mitochondrial targeting region. A construct of huMilt1 containing
residues 1–734, which does not target to mitochondria, can be seen
associated with microtubules, probably through an association with
kinesin via the coiled-coil domains. In contrast, a huMilt1 construct
(residues 599–800), lacking the coiled-coil domains, but containing
mitochondrial targeting information, did not induce changes in the
mitochondrial network. The alterations in mitochondrial morphology
following huMilt expression were also observed by Fransson et al. [33],
although these were not directly analyzed. In contrast, ectopic
expression of huMilt1 and huMilt2 in HEK293 cells was found to
cause mitochondrial collapse [31], but not the formation of extended
tubules and bulbous mitochondria. We also observed this collapse in
HEK293T cells, whichmay be due to the presence of highly fragmented
steady-state mitochondrial networks in this cell line (data not shown).
The interaction of Miltons with kinesin members indicates that the
cytoskeleton may aid in the formation of the mitochondrial extensions
observed. Indeed, nocodazole treatment of huMilt1-overexpressing
cells led to the collapse of themitochondrial extensions and blockage of
their long range movements. Using mitoDendra, we found that these
extended tubules are typically fused. In some cases however, we found
that the mitochondrial tubules represent a number of elongated
organelles aligned along microtubules (data not shown). It has been
recently proposed that kinesin attachment to mitochondria and
microtubules can act to forcibly stretch out the mitochondrion, thereby
blocking ﬁssion [55]. Another possibility to account for our observations
is that mitochondrial fusion is enhanced by the alignment of adjacent
mitochondria alongmicrotubules, which facilitate membrane tethering
events. Such a mechanism might be important for fusion at mitochon-
drial tips in various cell types. It is also possible that the Milton–Miro
complex directly regulates ﬁssion–fusion homeostasis [38].
The large, bulbous mitochondria seen upon huMilt expression were
particularly striking. These bulbous mitochondria were found at the
nuclear periphery, appeared enriched in mtDNA and had narrow
tubules decorated with GFP-huMilt1 extending away from the bulbs
and into the mitochondrial mass. We could also detect movement of
matrix-located mitoDendra out of these mitochondria, indicating that
these bulbous mitochondria are not single entities. Thus the bulbous
mitochondriamay accumulate as a result ofmitochondria becoming too
enlarged for the trafﬁcking machinery to handle, leading to their
retraction towards the middle of the cell [16,38]. The bulbous
mitochondria appear to differ from the so-called “giant mitochondria”
that can accumulate following damage by reactive oxygen species due
to defects in autophagy [56]. These giant mitochondria have recentlybeen characterized as typically residing at the periphery of cells, with
reduced membrane potential, low levels of mtDNA and defects in
mitochondrial fusion [56]. Our ﬁndings, together with those of Navratil
et al. [56], suggest that at least two distinct classiﬁcations of giant
mitochondria may exist. Large mitochondria containing various inclu-
sions have been observed in mitochondrial and neurodegenerative
diseases including Parkinson's, Alzheimer's, Huntington's and Amyo-
trophic Lateral Sclerosis (summarized by [47]). It is not clear which, if
any type of enlarged mitochondria represents pathological states and
further work is required to address this. Nevertheless, the presence of
enlarged mitochondria in disease states may represent an underlying
defect in cellular trafﬁcking events.
The association of Milton proteins with the mitochondrial outer
membrane, even following overexpression, suggests that their targeting
is not entirely dependent on exclusive binding to a partner protein.
Truncation studies revealed that residues 599–800 of huMilt1 are
important for mitochondrial association. It is possible that huMiltons
can enhance their mitochondrial association through self-interactions
via their N-terminal domain, as observed here. Although the C-terminal
region of Milton contains mitochondrial targeting information, it was
proposed that DrosophilaMilton is primarily attached to the mitochon-
drial surface by interacting with Miro [33,48]. It was found that
expression of Drosophila MiroΔ™ (located in the cytosol) prevented
Milton from associating with the mitochondrial surface [48]. While an
interaction between Miro and huMilt1/2 has also been observed [33–
35,54], we did not ﬁnd that huMilt1 could be blocked from binding to
mitochondria in cells expressing human Miro-1Δ™. In contrast, we
found that in most cells Miro-1Δ™ was recruited to mitochondria
following huMilt1 overexpression, indicating that the association of
huMilt1 with mitochondria is the primary event and separable from its
interaction with Miro. The differences in the observations reported by
Glater et al. [48] may be due to different constructs being employed (ﬂy
versus humans) and different expression levels of the various proteins.
Even though huMilt1 and huMilt2 display strong mitochondrial
association and causemorphological changes inmitochondria that are
consistent with their function in linking mitochondria and micro-
tubules via kinesin, several other studies provide contradicting
evidence regarding their localization and function [26–30,57]. We
also observed a cytosolic population of expressed huMilt1 and (in
particular) huMilt2, making it possible that this pool is utilized by
trafﬁckingmachineries to link cargo other thanmitochondria (such as
endosomes) to kinesin. How the huMiltons discriminate between
their different partners remains unknown. It is possible that the cargo
is pre-determined by the motor protein, as Miltons have been
reported to interact with several kinesin members [31]. Kinectin
and Syntabulin have also been found to link mitochondria and other
cargo to the transport machinery [18,20]. In addition, overexpression
studies employing Miro-1 and hepatocyte growth factor-regulated
tyrosine kinase substrate (Hrs) demonstrate that the level of huMilt2
associated with mitochondria or endosomes is in part reliant on the
levels of these proteins [54]. It is possible that molecules on the
surface of the cargo itself can play a role in attachment. The
mechanism of selectivity awaits further analysis, although it is clear
that the huMiltons, like their Drosophila counterpart, are important
components for distributingmitochondria alongmicrotubules in cells.
Acknowledgements
We thank Nick Klonis, Takahiro Nagase, Amelia Johnston, Tomohisa
Horibe, Janet Shaw and Jeremy Simpson for advice and/or reagents. This
work was supported by grants from the National Health and Medical
ResearchCouncil andARCCentreof Excellence forCoherentX-rayScience.
LDO is supported by an Australian Postgraduate Award. AEF was
supported by a fellowship fromThe International Human Frontier Science
Program Organization. DMC is supported by MCB RAS, Rosnauka
02.512.12.2053, and President Grant MK-6119.2008.4.
574 O.S. Koutsopoulos et al. / Biochimica et Biophysica Acta 1803 (2010) 564–574Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbamcr.2010.03.006.References
[1] D.C. Chan, Mitochondria: dynamic organelles in disease, aging, and development,
Cell 125 (2006) 1241–1252.
[2] A.E. Frazier, C. Kiu, D. Stojanovski, N.J. Hoogenraad, M.T. Ryan, Mitochondrial
morphology and distribution in mammalian cells, Biol. Chem. 387 (2006)
1551–1558.
[3] R.L. Frederick, J.M. Shaw, Moving mitochondria: establishing distribution of an
essential organelle, Trafﬁc 8 (2007) 1668–1675.
[4] S. Hoppins, L. Lackner, J. Nunnari, The machines that divide and fuse
mitochondria, Annu. Rev. Biochem. 76 (2007) 751–780.
[5] H.M. McBride, M. Neuspiel, S. Wasiak, Mitochondria: more than just a
powerhouse, Curr. Biol. 16 (2006) R551–R560.
[6] S. Hoppins, J. Nunnari, The molecular mechanism of mitochondrial fusion,
Biochim. Biophys. Acta 1793 (2009) 20–26.
[7] D. Stojanovski, M. Rissler, N. Pfanner, C. Meisinger, Mitochondrial morphology and
protein import—a tight connection? Biochim. Biophys. Acta 1763 (2006) 414–421.
[8] M. Nangaku, R. Sato-Yoshitake, Y. Okada, Y. Noda, R. Takemura, H. Yamazaki, N.
Hirokawa, KIF1B, a novel microtubule plus end-directed monomeric motor
protein for transport of mitochondria, Cell 79 (1994) 1209–1220.
[9] Y. Tanaka, Y. Kanai, Y. Okada, S. Nonaka, S. Takeda, A. Harada, N. Hirokawa,
Targeted disruption of mouse conventional kinesin heavy chain, kif5B, results in
abnormal perinuclear clustering of mitochondria, Cell 93 (1998) 1147–1158.
[10] R.L. Morris, P.J. Hollenbeck, Axonal transport of mitochondria along microtubules
and F-actin in living vertebrate neurons, J. Cell Biol. 131 (1995) 1315–1326.
[11] P.J. Hollenbeck, W.M. Saxton, The axonal transport of mitochondria, J. Cell Sci. 118
(2005) 5411–5419.
[12] A.B. Knott, G. Perkins, R. Schwarzenbacher, E. Bossy-Wetzel, Mitochondrial
fragmentation in neurodegeneration, Nat. Rev. Neurosci. 9 (2008) 505–518.
[13] Z. Li, K. Okamoto, Y.Hayashi,M. Sheng, The importanceof dendriticmitochondria in the
morphogenesis and plasticity of spines and synapses, Cell 119 (2004) 873–887.
[14] P. Verstreken, C.V. Ly, K.J. Venken, T.W. Koh, Y. Zhou, H.J. Bellen, Synaptic
mitochondria are critical for mobilization of reserve pool vesicles at Drosophila
neuromuscular junctions, Neuron 47 (2005) 365–378.
[15] J.Y. Sung, O. Engmann, M.A. Teylan, A.C. Nairn, P. Greengard, Y. Kim, WAVE1
controls neuronal activity-induced mitochondrial distribution in dendritic spines,
Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 3112–3116.
[16] S. Campello, R.A. Lacalle, M. Bettella, S. Manes, L. Scorrano, A. Viola, Orchestration
of lymphocyte chemotaxis by mitochondrial dynamics, J. Exp. Med. 203 (2006)
2879–2886.
[17] A. Quintana, C. Schwindling, A.S. Wenning, U. Becherer, J. Rettig, E.C. Schwarz, M.
Hoth, T cell activation requires mitochondrial translocation to the immunological
synapse, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 14418–14423.
[18] Q. Cai, C. Gerwin, Z.H. Sheng, Syntabulin-mediated anterograde transport of
mitochondria along neuronal processes, J. Cell Biol. 170 (2005) 959–969.
[19] R.L. Frederick, J.M. McCaffery, K.W. Cunningham, K. Okamoto, J.M. Shaw, Yeast
Miro GTPase, Gem1p, regulates mitochondrial morphology via a novel pathway, J.
Cell Biol. 167 (2004) 87–98.
[20] N. Santama, C.P. Er, L.L. Ong, H. Yu, Distribution and functions of kinectin isoforms,
J. Cell Sci. 117 (2004) 4537–4549.
[21] R.S. Stowers, L.J. Megeath, J. Gorska-Andrzejak, I.A. Meinertzhagen, T.L. Schwarz,
Axonal transport of mitochondria to synapses depends on milton, a novel
Drosophila protein, Neuron 36 (2002) 1063–1077.
[22] M.J. Wozniak, M. Melzer, C. Dorner, H.U. Haring, R. Lammers, The novel protein
KBP regulates mitochondria localization by interaction with a kinesin-like protein,
BMC Cell Biol. 6 (2005) 35.
[23] J.S. Kang, J.H. Tian, P.Y. Pan, P. Zald, C. Li, C. Deng, Z.H. Sheng, Docking of axonal
mitochondria by syntaphilin controls their mobility and affects short-term
facilitation, Cell 132 (2008) 137–148.
[24] Y. Li, S. Lim, D. Hoffman, P. Aspenstrom, H.J. Federoff, D.A. Rempe, HUMMR, a
hypoxia- and HIF-1alpha-inducible protein, alters mitochondrial distribution and
transport, J. Cell Biol. 185 (2009) 1065–1081.
[25] A. Weihofen, K.J. Thomas, B.L. Ostaszewski, M.R. Cookson, D.J. Selkoe, Pink1 forms
a multiprotein complex with Miro and Milton, linking Pink1 function to
mitochondrial trafﬁcking, Biochemistry 48 (2009) 2045–2052.
[26] S.P. Iyer, Y. Akimoto, G.W. Hart, Identiﬁcation and cloning of a novel family of
coiled-coil domain proteins that interact with O-GlcNAc transferase, J. Biol. Chem.
278 (2003) 5399–5409.
[27] M. Beck, K. Brickley, H.L. Wilkinson, S. Sharma, M. Smith, P.L. Chazot, S. Pollard, F.
A. Stephenson, Identiﬁcation, molecular cloning, and characterization of a novel
GABAA receptor-associated protein, GRIF-1, J. Biol. Chem. 277 (2002)
30079–30090.
[28] E. Kirk, L.S. Chin, L. Li, GRIF1 binds Hrs and is a new regulator of endosomal
trafﬁcking, J. Cell Sci. 119 (2006) 4689–4701.
[29] S.L. Gilbert, L. Zhang, M.L. Forster, J.R. Anderson, T. Iwase, B. Soliven, L.R. Donahue,
H.O. Sweet, R.T. Bronson, M.T. Davisson, R.L. Wollmann, B.T. Lahn, Trak1 mutation
disrupts GABA(A) receptor homeostasis in hypertonic mice, Nat. Genet. 38 (2006)
245–250.[30] A. Grishin, H. Li, E.S. Levitan, E. Zaks-Makhina, Identiﬁcation of gamma-
aminobutyric acid receptor-interacting factor 1 (TRAK2) as a trafﬁcking factor
for the K+ channel Kir2.1, J. Biol. Chem. 281 (2006) 30104–30111.
[31] K. Brickley, M.J. Smith, M. Beck, F.A. Stephenson, GRIF-1 and OIP106, members of a
novel gene family of coiled-coil domain proteins: association in vivo and in vitro
with kinesin, J. Biol. Chem. 280 (2005) 14723–14732.
[32] M.J. Smith, K. Pozo, K. Brickley, F.A. Stephenson, Mapping the GRIF-1 binding
domain of the kinesin, KIF5C, substantiates a role for GRIF-1 as an adaptor protein
in the anterograde trafﬁcking of cargoes, J. Biol. Chem. 281 (2006) 27216–27228.
[33] S. Fransson, A. Ruusala, P. Aspenstrom, The atypical Rho GTPasesMiro-1 andMiro-
2 have essential roles in mitochondrial trafﬁcking, Biochem. Biophys. Res.
Commun. 344 (2006) 500–510.
[34] A.F. Macaskill, J.E. Rinholm, A.E. Twelvetrees, I.L. Arancibia-Carcamo, J. Muir, A.
Fransson, P. Aspenstrom, D. Attwell, J.T. Kittler, Miro1 is a calcium sensor for
glutamate receptor-dependent localization of mitochondria at synapses, Neuron
61 (2009) 541–555.
[35] X. Wang, T.L. Schwarz, The mechanism of Ca2+-dependent regulation of kinesin-
mediated mitochondrial motility, Cell 136 (2009) 163–174.
[36] X. Guo, G.T.Macleod, A.Wellington, F. Hu, S. Panchumarthi,M. Schoenﬁeld, L.Marin,M.
P. Charlton, H.L. Atwood, K.E. Zinsmaier, The GTPase dMiro is required for axonal
transport of mitochondria to Drosophila synapses, Neuron 47 (2005) 379–393.
[37] G.J. Russo, K. Louie, A. Wellington, G.T. Macleod, F. Hu, S. Panchumarthi, K.E.
Zinsmaier, Drosophila Miro is required for both anterograde and retrograde
axonal mitochondrial transport, J. Neurosci. 29 (2009) 5443–5455.
[38] M. Saotome, D. Saﬁulina, G. Szabadkai, S. Das, A. Fransson, P. Aspenstrom, R.
Rizzuto, G. Hajnoczky, Bidirectional Ca2+-dependent control of mitochondrial
dynamics by the Miro GTPase, Proc. Natl. Acad. Sci. U. S. A. 105 (2008)
20728–20733.
[39] J. Sambrook, D.V. Russell, Molecular Cloning: A Laboratory Manual, Cold Spring
Harbor Laboratory Press, Cold Spring Horbor, New York, 2001.
[40] A.J. Johnston, J. Hoogenraad, D.A. Dougan, K.N. Truscott, M. Yano, M. Mori, N.J.
Hoogenraad, M.T. Ryan, Insertion and assembly of human tom7 into the
preprotein translocase complex of the outer mitochondrial membrane, J. Biol.
Chem. 277 (2002) 42197–42204.
[41] D. Stojanovski, O.S. Koutsopoulos, K. Okamoto, M.T. Ryan, Levels of human Fis1 at
the mitochondrial outer membrane regulate mitochondrial morphology, J. Cell
Sci. 117 (2004) 1201–1210.
[42] M. Yano, N. Hoogenraad, K. Terada, M. Mori, Identiﬁcation and functional analysis
of human Tom22 for protein import into mitochondria, Mol. Cell. Biol. 20 (2000)
7205–7213.
[43] E. Harlow, D. Lane, Using Antibodies: A Laboratory Manual, Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY, 1999.
[44] H. Tyynismaa, H. Sembongi, M. Bokori-Brown, C. Granycome, N. Ashley, J. Poulton,
A. Jalanko, J.N. Spelbrink, I.J. Holt, A. Suomalainen, Twinkle helicase is essential for
mtDNA maintenance and regulates mtDNA copy number, Hum. Mol. Genet. 13
(2004) 3219–3227.
[45] H. Schagger, G. von Jagow, Tricine–sodium dodecyl sulfate-polyacrylamide gel
electrophoresis for the separation of proteins in the range from 1 to 100 kDa, Anal.
Biochem. 166 (1987) 368–379.
[46] M. Kanazawa, M. Yano, C. Namchai, S. Yamamoto, A. Ohtake, M. Takayanagi, M.
Mori, H. Niimi, Visualization of mitochondria with green ﬂuorescent protein in
cultured ﬁbroblasts from patients with mitochondrial diseases, Biochem. Biophys.
Res. Commun. 239 (1997) 580–584.
[47] G. Perkins, E. Bossy-Wetzel, M.H. Ellisman, New insights into mitochondrial
structure during cell death, Exp. Neurol. 218 (2009) 183–192.
[48] E.E. Glater, L.J. Megeath, R.S. Stowers, T.L. Schwarz, Axonal transport of
mitochondria requires milton to recruit kinesin heavy chain and is light chain
independent, J. Cell Biol. 173 (2006) 545–557.
[49] B.E. Kremer, T. Haystead, I.G. Macara, Mammalian septins regulate microtubule
stability through interaction with the microtubule-binding protein MAP4, Mol.
Biol. Cell 16 (2005) 4648–4659.
[50] D. Shcherbo, E.M. Merzlyak, T.V. Chepurnykh, A.F. Fradkov, G.V. Ermakova, E.A.
Solovieva, K.A. Lukyanov, E.A. Bogdanova, A.G. Zaraisky, S. Lukyanov, D.M.
Chudakov, Bright far-red ﬂuorescent protein for whole-body imaging, Nat.
Methods 4 (2007) 741–746.
[51] M. Karbowski, Y.J. Lee, B. Gaume, S.Y. Jeong, S. Frank, A. Nechushtan, A. Santel, M.
Fuller, C.L. Smith, R.J. Youle, Spatial and temporal association of Bax with
mitochondrial ﬁssion sites, Drp1, and Mfn2 during apoptosis, J. Cell Biol. 159
(2002) 931–938.
[52] M.K. Knowles, M.G. Guenza, R.A. Capaldi, A.H. Marcus, Cytoskeletal-assisted
dynamics of the mitochondrial reticulum in living cells, Proc. Natl. Acad. Sci. U. S.
A. 99 (2002) 14772–14777.
[53] N.G. Gurskaya, V.V. Verkhusha, A.S. Shcheglov, D.B. Staroverov, T.V. Chepurnykh,
A.F. Fradkov, S. Lukyanov, K.A. Lukyanov, Engineering of a monomeric green-to-
red photoactivatable ﬂuorescent protein induced by blue light, Nat. Biotechnol. 24
(2006) 461–465.
[54] A.F. MacAskill, K. Brickley, F.A. Stephenson, J.T. Kittler, GTPase dependent
recruitment of Grif-1 by Miro1 regulates mitochondrial trafﬁcking in hippocam-
pal neurons, Mol. Cell. Neurosci. 40 (2009) 301–312.
[55] T. Bowes, R.S. Gupta, Novel mitochondrial extensions provide evidence for a link
between microtubule-directed movement and mitochondrial ﬁssion, Biochem.
Biophys. Res. Commun. 376 (2008) 40–45.
[56] M. Navratil, A. Terman, E.A. Arriaga, Giant mitochondria do not fuse and exchange
their contents with normal mitochondria, Exp. Cell Res. 314 (2008) 164–172.
[57] E. Webber, L. Li, L.S. Chin, Hypertonia-associated protein Trak1 is a novel regulator
of endosome-to-lysosome trafﬁcking, J. Mol. Biol. 382 (2008) 638–651.
